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Abstract 

The novel Sbape-to-Iife (STL) method is based on the detection of inter-anival times of 
successive AE events'**. These inter-arrival times follow a Weibtdl distribution. The 
method provides two parameters, STL and L^a, that are derived from the estimated 
WeibuU parameters of the__ distribution's shape (y), characteristic lif e (G) and guaranteed 
life (t;^. It is found that STL and are related hyperbolically. In addition, the STL 
value is fotmd to be sensitive to bearing wear, the load appKed to the bearing and the 
bearing rotating speed. Of the three influencing factors, bearing weariras the strongest 
influence on STL and L^. For the proppsed machine condition monitoring system to 
■work, the effects of load and speed on STL need to be coinpertsated, as discussed in the 
paper. — 

1. Introduction 

Rolling element bearings are omnipresent in almost all kinds of rotating machines. 
Condition monitoring of ".bearings has attracted considerable interest for many years 
because a rnajority of problems in rotating machines are earned by faulty bearings. A 
reliable condition monitoring system -will significantly reduce failure and \inplarm.ed 
maintenance, and hence the huge attendant cost due to machine downtime. Often the 
system is used with an operator who assists in the interpretation of the nxachine signals 
for eariy failure detection and fault diagnosis. 

Nowadays there are two kinds of methods available for bearing maintenance: statistical 
bearing life estimation, and bearing condition monitoring and diagnostics. Statistical 
beaiicg life estimation predicts the fatigue life of a bearing [1]. However, its application 
has many limitations, since unusual operating conditions can severely decrease a bearing's 
life. In these cases, bearing life estimates become unreliable leading to tmexpected 
breakdown. On the other hand, bearing condition and diagnostics can be a very reliable 
method because it gives up-to-date information about the condition of a bearing. The 
most popular approaches for bearing condition, monitoring are vibration and acoustic 
.emission (AE) aijalyses. 

It has been shown that vibration methods are effective only at high rotating speeds when 
the intensity of excitation is large, whereas AE methods are preferred for lowisr-speed 
operations. Acoustic ennssion is a joatural phenomenon of sound generation applied to 
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the spontaneously generated elastic wave produced within a material under stress. Plastic 
deformation and growth cracks axe the primary sources o£ AE in metals. The acoustic- 
^ignal^ean^be detected- by -a piezoelectiic senso r -which -converts the mechanjcal- ener gy 
earned by the elastic wave into an elecMcal signal In the case of a rotating element 
bearing, when a defective roller surface comes into contact with other elements, it 
produces AE events becaiise of the shock impulses leading- to a release of strain energy. 

2* Inter-arrival times 

An AE signal consisting of seven AE events is shown in Figure 1. Dedicated AE 
^easuringpinstcuments - for example, the AET5500 — capture 'each eveiit ttet'go'^s above" 
a predefined threshold and extract various AE parameters together with a time stamp of 
the event. Tbe time difference between two consecutive AE events is called the iater- 
arrival time between thern. A high-speed data acquisition system — for example, the 
LABVIEW on PC — captures the whole time signal (Figure 1) from which the iater- 
arrtval times are extracted. 

The collection of inter-arrival times forms a distribution^ which, as is proven in the next 
section, is a Weibull distribution used in reliability studies to model time to failure- In 
this context, the occurrence of an AE event can be regarded as an instance of feflure on a 
microscopic scale. 
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Figure 1 Inter-arrival times of successive AE events 



3. Theoty 

The Weibull distdbutton has been used in reliability engineeriiig to model times to faikire 
[2]. Its xisefulness lies in liie simplicity tihat a single probability density function can be 
made to represent the time-of-failure arising firom difiEerent modes of failure (runrdng-in, 
random and wear-out). Since an instance of AE can be considered a kind of failure on a 
microscopic scale, the Weibull distribution is most likely to be suitable also for 
represm.ting the probability of inter-arrhral of AE events at a sensor. In this sense, the 
inter-artival time is equivalent to time-to-fiailure. The justification for using the Weibull 
distribution is set out in this section. 

The cumulative probability, F(t), of inter-arrival times of AE events must, by virtue of its 
definition, increase monotonicaUy with the time interval t, starting with a probability- 
value of zero at time t = 0 and approaching unity as time t tends to infinity. The form of 
this curve, known as the cumulative probability curve, for mathematical convenience, is 
represented by an exponential function as 



Equation 1 



Equation 1 is graphed in Figure 2, where it can be seen that (|)(t), a function of time t, 
determines the precise form of the ctirve. 




Inter-arrival time, t 
Figure 2 Cumulative probability of inter-arrival time F(t) 

When an AE event occurs, it occupies a finite time interval during which the occurrence 
of yet another event cannot be distinguished with an AE measuring instnoment. 
Therefore, the iater-arrival time that can be measured of the subsequent AE must not be 
shorter than the event duration of the current one. In effect, this means that a 
subsequent detectable event cannot occur in a time less tiian the event duration of the 
current one. In the context of cumulative probability F(t), its value has to be zero below 
some tiireshold time t;^, known as tiie guaranteed life. 



The^function ^(t), which defines tie precise form of tie cumulative probability F(t), 
shoTild be non-dimensional because it is an exponent of the constant e in Equation 1. 



Takbg accoxint afl of the foregoing consideiations, it is reasonable to suggest that 6(t) 
take the form . . . . ^""^ 



ys/here — the guarajateed life 

' . 0 = the characteristic life, and 
y « the shape parameter. 



Thus; the inter-arrival times have the cumulative distribution function (cdf) given by 

i^(0 = 1 - e^- ^ fortX, , ' Equation2 

and the corresponding probability density function (pdf) of form • 

QY £ort>i,. Equations. 

It is noted that Equations 2 and 3 are indeed the respective cdf and pdf of the Weibull 
distribution. In these equations (t - denotes the 'quiet' 2»ne, \vhich marks the jpeiiod 
after one AE event has dropped below the threshold and before the occurrence of die 
next. 

The parameter e is referred to as the characteristic life inlhe Weibull distribution -when 
used t9^ describe the probability of time-to-failure in reliability work. This term is 
approprate if, as mentioned before, an AE occurrence is regarded as a microscopic 
failure, -which has been accepted to be the case. Characteristic life is therefore the 
characteristic AE inter-arrival time in this context. If the quiet zone (t - tj is as lor^ as 
the characteristic life 6, then at the inter-arrival time of t = i;^ 4-9, the cumulative 
probability has the value of 

-P'(^,+<9) = l-e^"" =0.63 . 

In other -words, if a hundred inter-anival times were collected, 63 would have a -value less 
thanti,+9. 

The shape factor, y, in Equations 2 and 3 is used to express the various patterns of the 

inter-arrival time distribution, some of -which are sho-wn in Figure 3. For y =1, 

becomes an exponential probability density function. When y =2, the density function is 

JgXQ wn a.s a I ^e%h-distriburiQa^^ear-y^-=-3T437-tbe-^ngity-faa ^on becomes ~ 
Normal distribution function. 



WeibuiVfcJistribution with different shape factors 
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Figure 3 WeibuU distribution with dififetent sliape factors 
4, Definition of STL and 

Oncea collection of inter-anival times of an AE signal is formed, a WeibuU distribution 
is then fitted to it and the WeibuU parameters, shape (y) and characteristic life (G) and 
guaranteed life (tj, can be estimated. Note that y, bei£ig_the exponent in Equation 1, is 
non-dimensional; 6 and have the dimension of time and hence the unit seconds. 



The STL is defined to be the ratio of shape to characteristic life In symbols, it is 

" * ' * Eqiaation 4 



e 

It is obvious tihat STL has the unit of s"\ 



L63 denotes the time duration within which 63% of the inter-arrival times of the 
distribution Ues. The Lg3 d\iratioxi [3] has a value.- 



Equation 5 



5, Experimental validation 

A test rig was designed intended for different loading conditions and buUt in order to 
evaluate the proposed monitoring scheme. From now on this test rig will be referred to 
as the low-speed heavy-duty test rig. The test rig was used in this research to study the 
effect of variation of loading conditions on AE and vibration at slow rotating speed. The 
orig^bal rig was later modified such tiiat a radial load can be applied to tiie rotating, shaft 
using hydraulics and the speed of the shaft can be lowered still furtiier using an inverter 
and motor controUer. A sketch of the low-speed heavy-duiy test rig is shown in Figure 4. 




Motor 
- 0.55 kW 
1420 rpm 



150 mm-- 



■ 180-nair~"-^6 0in m ^ IQO'imn 




Figute4 Sketch of tite test low-speed heavy duty tig 

The design of the test dg comprises a rotating shaft supported at three points: a double- 
row self-al%ned baU bearing at the drive end, a spherical roUer bearing at the applied load 
position near the non-drnre end ajid a sin^e raw self-aligned ball bearing at the ripn-drive 
end. The shaft of 35 mm diameter is manufactured in steeL The three" bearings are a 
SKF 22207 E which is a double-rowjelf-aligned ball bearing, a SKF 22207 E which is a 
spherical roller bearing and a SKF 1206 E which is a single row self-aligned ball bearing 
They are mounted in bearing housings that in turn are attached to a base plate. 

rig was run at 0.23 rev/sec. The bearing under test was an 
bKt 1206E, which is a self-aligned ball bearing with a maximum load capacity of about 
137 bars. AE signals were captured using a WD (wideband) ti^sducer mounted on tihe 
top of the non-drive end beariAg housing. These signals were amplified with a 60 dB gain 
- and filtered with a 100 kHz - 450 kHz band-pass filter. The sampling rate was-l MHz — 

Measurements started with no radial load applied to the test bearing and die load was 
then increased at 50-bat steps up to 300 bars. From the loads of 0 to 250 bar each 
loading condition were maintained for about 2 hours, thus taking about 12 ho^irs to 
reach the end of the 250-bar test Thea the load was increased to 300 bars and 
maintai ned until the test bearing fiuled. 

6. Results and discussion - - 

. Figure 5 suggests that the STL values increased when the bearing was overioaded, and 
with the load maintained indefinitely (300 bar load from the 12* to tiae 120* hoiir); the 
STL increased with progressive bearing wear until the final failiare. At the 300 bar load, 
the STL started with, a value of 18.9 and increaCsed monotonically to 59.4 when it feiled, 
representing just over a three-fold increase. 

Figure 6 shows a graph of the STL against I^, for aU four levels of load apphed 
sequentially to the bearing during the accelerated life test. The hyperboHc relatiomhip 
between STT. and JLBa-is-daaaeastefcted-ia-Pigare-^ '■ 
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Figurc 5 Progrcssion of STL Tvith time from beaiiiig life test 
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Figure 6 STL versus L^a from'the bearing life test 



It been observed that bearing loading below the bearing's load canying capacity 
produces a rather small STL value, typically not more than 8 s\ The test be^ has a 
..Joad^caj^jang capacity of -1^^ 
mi^^T[7or(5TO) = 40 s- due tQ the effect of bearii'^ea^^aloi ^^^'^S^ 




subjected to a constant load of 300 bars (Figure 6), is onlja fifdi. 

It therefore seems to suggest that lower bearing loading makes the STL value even 
more sensitive to bearing wear. In summary, hearing wear exerts a much stnmger 

mfluence on STL than does the load as long as the latter is kept below Jflie beaidmg's J 

- reeommended load carrying capacity. Condition monitoring of the mab' bearing on 
ge British Anways London Eye using the STL method has been under investigation 

7. Conclusions 

The STL and L^ values have been explored in this project and demonstrated as sensitive 
condition monitoring AE parameters. The STL method is based on the modelline of 
ntter-amval tmies of AE events widi Weibull distribution. The STL is defined as theratio 
ot two estimated Weibufl parameters, shape to characteristic life (Equation 4) The L, is 
^tined as the summation of the estimated guaranteed life and chaiacteristiTlife 
(Equation 5). Botii die STL and L^j values are influenced by wear, speed and loading. 

Effect of load on STL 

From the esqperiments, it has been found tiiat the STL valuejrremain more or less level if 
the bearing IS subjected to die applied load within basic dynamic load rating, men the 
• applied load becomes greater, the STL is incieased whilst the L^, is decreased 

Effect of speed on STL 

The ch^ in speed of rotating machines has been f6und to affea the STL values This 
-IS because the rotating speeds and inter-amval times are approximately inversely rdated. 
The effect of speed ^tions on STL can be compensated using the hyperbolic 
relationship between STL and Ljj. . jt^uwux. 

Effect of wear on STL • 

Similar to load and speed, STL has been found to be influenced by wear. From die 
progressive bearing wear test, it is clear that tiie progression of wear results 'in a 
monotonically mcreasing trend of STL. men the bearii^ failed to operate, tiie STL was 
increased to about 30 tirnes die value for die initial bearing condition (Figure 5). In oirier 
to set the tiireshold for STL as a bearing condition alert, the choice of Sreshold level is 

^TiT-i ^, ^ alarm level should be set no higher than £nre times the 

initial STL value of the bearing. 

Hyperbolic relationship between STL and Lgj 

It has been found tiiat die rotating speed and inter-arrival time between AE events are 
mversely proporuoml to each other, resulting in- tiie hyperbolic relationship between 
and I«. This hyperbolic curve provides die basis for adjusting STL and for 
speed compensation and W rnmp^ncgMon, _Z 5 
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Claims: 



4. 



A Shape-to-Life (STL) parameter having tlie unit (per seconci) based on inter-arrival 
.times of successive Acoustic Emission (AE) events and defined as the ratio of the 
shape factor of the inter-airival time distribution to the characteristic and guaranteed 
life, m the statistical distribution (L63) used to describe probability of time to failure 
as used m reUabihty analysis employing the Weibull distribution. 

An Acoustic Emission (AE) condition monitoring system employing the Sh^e-to- 
Life (STL) parameter to determine a trend witii time in operational performance of a 
machine, process or material such as bearing wear of a rotating machine. 

A condition monitoring system providing an observable output of the Shape-to-Iife " 
(STL) parameter as a function of a particular cumulative probabiHty parameter of the 
total number of inter-arrival times of the Acoustic Emission (AE) events, for example 
the sum of the characteristic life and guaranteed life of the Wiebull distiibutio£ (L63). 

An Acoustic Emission (AE) condition monitoring s^^tem employing the Shape-to- 
Life (STL) parameter and set to provide an output indication when the parameter hss 
changed with time by a particular mount or fraction. 



b«!iy\6iwiay\rBiiiise\2003\aconsticentfssionparaineters 



1 Twopiameters, derived from fee statistics f Weibull distributi^^^^ 
cmatSi as ameiure of the condition of machines or.their constituent parts 

"^^r^e distribution is that of the inter-axrival t^es of a«>.stic 
emission (AE) events occuiring dnring the machmes m operation These 

p^etei are named liie STL and L53: the ^I'^fj' ^^t^hu^^^^^ 

L shape parameter to the characteristic life of liie WeibuU distribution whilst 
the latter the sum ofthe characteristic Ufe and guaranteed Ufe. 

2- "i^fectthatAEsourcesarenumerousandvaried^^ 

the shape parameter is miity approximately. Consequently, ttie Sit ve^ Us 
. raphdepFctsahyperboUc curve. As the condition of a machme element 
deteriorates, the corresponding point moves up the curve. 

3 m the case if bearing condition monitoring, the co-ordmates (STL, Lg) of tbe 

Eye, that is, at 2 revolutions per hour. 
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